There has been limited investigation of volume and shape difference in subcortical structures in children with ADHD and a paucity of examination of the influence of sex on these findings. The objective of this study was to examine morphology (volume and shape) of subcortical structures and their association with emotion dysregulation (ED) in girls and boys with ADHD as compared to their typically-developing (TD) counterparts. Participants included 218 children ages 8-12 years old with and without DSM-IV ADHD. Structural magnetic resonance images were obtained, and shape analyses were conducted using large deformation diffeomorphic metric mapping (LDDMM). Compared to TD boys, boys with ADHD showed reduced volumes in the bilateral globus pallidus and amygdala. There were no volumetric differences in any structure between ADHD and TD girls. Shape analysis revealed localized compressions within the globus pallidus, putamen and amygdala in ADHD boys relative to TD boys, as well as significant correlations between increased ED and unique subregion expansion in right globus pallidus, putamen, and right amygdala. Our findings suggest a sexually dimorphic pattern of differences in subcortical structures in children with ADHD compared to TD children, and a possible neurobiological mechanism by which boys with ADHD demonstrate increased difficulties with ED.
A R T I C L E I N F O

Keywords:
Attention-deficit/hyperactivity disorder Limbic Emotion Emotion regulation Subcortical
A B S T R A C T
There has been limited investigation of volume and shape difference in subcortical structures in children with ADHD and a paucity of examination of the influence of sex on these findings. The objective of this study was to examine morphology (volume and shape) of subcortical structures and their association with emotion dysregulation (ED) in girls and boys with ADHD as compared to their typically-developing (TD) counterparts. Participants included 218 children ages 8-12 years old with and without DSM-IV ADHD. Structural magnetic resonance images were obtained, and shape analyses were conducted using large deformation diffeomorphic metric mapping (LDDMM). Compared to TD boys, boys with ADHD showed reduced volumes in the bilateral globus pallidus and amygdala. There were no volumetric differences in any structure between ADHD and TD girls. Shape analysis revealed localized compressions within the globus pallidus, putamen and amygdala in ADHD boys relative to TD boys, as well as significant correlations between increased ED and unique subregion expansion in right globus pallidus, putamen, and right amygdala. Our findings suggest a sexually dimorphic pattern of differences in subcortical structures in children with ADHD compared to TD children, and a possible neurobiological mechanism by which boys with ADHD demonstrate increased difficulties with ED.
Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder characterized by developmentally inappropriate levels of inattention, hyperactivity and impulsivity (American Psychiatric Association, 2013). While fronto-striatal regions have been extensively examined and implicated in the pathophysiology of ADHD (Cubillo et al., 2012; Sagvolden et al., 2005; Sonuga-Barke, 2005) , less attention has been paid to subcortical structures such as the globus pallidus, amygdala, hippocampus and thalamus. Morphological differences in these structures may be particularly important in the pathophysiology of ADHD as they may contribute to deficient motor control (Gaddis et al., 2015; Mostofsky et al., 2003) , atypical response to reward (Luman et al., 2010) , and problems with emotional processing and regulation (Shaw et al., 2014b) in individuals with ADHD.
To date, the extant literature examining subcortical structures in individuals with ADHD has largely focused on examination of basal ganglia morphology. Results have shown that compared to typically developing (TD) children, children with ADHD demonstrate reductions in volume (Ellison-Wright et al., 2008; Frodl and Skokauskas, 2012b; Qiu et al., 2009b; Valera et al., 2007) and significant localized inward deformation (compression) in selective subregions of the caudate, putamen, and globus pallidus in children with ADHD (Shaw et al., 2014a; Sobel et al., 2010) . Only one study to date has reported evidence of sex differences such that boys with ADHD show significantly smaller basal ganglia volumes and differences in the shape of the left caudate,
